Although external beam radiation is an essential component to the current standard treatment of primary brain tumors, its application is limited by toxicity at doses more than 80 Gy. Recent studies have suggested that brachytherapy with liposomally encapsulated radionuclides may be of benefit, and we have reported methods to markedly increase the specific activity of rhenium-186 ( 186 Re)-liposomes. To better characterize the potential delivery, toxicity, and efficacy of the highly specific activity of 186 Re-liposomes, we evaluated their intracranial application by convection-enhanced delivery in an orthotopic U87 glioma rat model. After establishing an optimal volume of 25 mL, we observed focal activity confined to the site of injection over a 96-hour period. Doses of up to 1850 Gy were administered without overt clinical or microscopic evidence of toxicity. Animals treated with 186 Re-liposomes had a median survival of 126 days (95% confidence interval [CI] , 78.4-173 days), compared with 49 days (95% CI, 44-53 days) for controls. Log-rank analysis between these 2 groups was highly significant (P 5 .0013) and was even higher when 100 Gy was used as a cutoff (P < .0001). Noninvasive luciferase imaging as a surrogate for tumor volume showed a statistically significant separation in bioluminescence by 11 days after 100 Gy or less treatment between the experimental group and the control animals (x 2 [1, N 5 19] 5 4.8; P 5 .029). MRI also supported this difference in tumor size. Duplication of tumor volume differences and survival benefit was possible in a more invasive U251 orthotopic model, with clear separation in bioluminescence at 6 days after treatment (x 2 [1, N 5 9] 5 4.7; P 5 .029); median survival in treated animals was not reached at 120 days because lack of mortality, and log-rank analysis of survival was highly significant (P 5 .0057). Analysis of tumors by histology revealed minimal areas of necrosis and gliosis. These results support the potential efficacy of the highly specific activity of brachytherapy by G lioblastoma (GBM) is the most common and most aggressive of the primary malignant brain tumors in adults. Annually, there are approximately 13,000 cases of GBM diagnosed, with historical 1-year and 5-year survival rates of 29.3% and 3.3%, respectively. 1 The poor survival is attributable partly to the infiltrative nature of the tumor, which makes it difficult to eliminate microscopic disease despite macroscopic gross-total resection. After combined modality therapy, 90% of patients have recurrence at the original tumor location. 2 The location of the tumor also makes drug delivery difficult, with only small or lipophilic molecules able to cross the blood-brain barrier to reach the tumor. The most significant advancement in treatment of GBM over the past several years has come from concomitant chemoradiotherapy with temozolomide, which can result in increased median survival of 14.6 months with radiotherapy plus temozolomide, compared with 12.1 months with radiotherapy alone. 3 However, this still leaves much to be desired, with an improvement in median survival of only 2.5 months over radiotherapy alone.
Because most recurrences occur within 2 cm of the resection margin, 4 local therapies for GBM that are delivered by convection-enhanced delivery (CED) are currently under investigation. 5, 6 Recent CED research has focused in part on lipid nanoparticles (liposomes) as carriers of anticancer agents for treatment of brain tumors. 7 -9 When administered by CED, liposomes appear to enhance the spread and the retention of the therapeutic agents throughout the tumor, compared with unencapsulated small molecules alone. 10, 11 Beta-emitting radionuclides encapsulated in nanoparticles appear to have significant advantages for brachytherapy, because the 2-4-mm path lengths of the beta particles (100-200 cell diameters) provide a micro-field of therapy within the tumor. This micro-field decreases the requirement of rigorous intratumoral distribution homogeneity required for traditional chemotherapeutic drugs in which the drug has to reach and enter every cancer cell for total tumor eradication. Recently, others have reported the CED administration of solid lipid nanoparticles carrying therapeutic beta-emitting radionuclides in a rat glioma model with promising results. 12 However, the specific activity achieved was relatively low, resulting in a maximum dose of only 12 Gy. Despite this low level of activity, some improved survival was achieved.
To make it possible to use liposomes carrying beta-emitting therapeutic radionuclides for glioma therapy, a method of conveniently loading therapeutic radionuclides into lipid nanoparticles with great efficiency and stability is required. Recently, we have successfully developed a method of loading gamma-emitting technetium-99m (   99m   Tc) and 2 different energy  beta-emitting radionuclides,   186   Re and   188 Re, into liposomes with high efficiency and specific activity. 13 -16 We have also shown very promising results with rhenium-liposomes for the treatment of rat models of head and neck cancer 11, 15 and intraperitoneally disseminated ovarian cancer metastasis. 17 This method of loading high amounts of beta-emitting rhenium radionuclides into liposomes has been successfully reproduced in other laboratories and shown to be effective for cancer therapy. 18 -20 This labeling method results in a markedly higher level of specific activity than has been previously described with solid rhenium-labeled nanoparticles, 12 providing the potential to deliver markedly higher therapeutic doses to tumors with minimally increased toxicity. In this study, we assessed the potential of 186 Re-liposomes produced with high specific activity for the treatment of GBM with use of an intratumoral application by CED in orthotopic U87 and U251 glioma rat models.
Materials and Methods

Xenografts
Human glioma cell line U-87 MG-luc2 expressing firefly luciferase was purchased from Caliper LRS. Cells were grown as described in product insert. The U251 glioma line expressing firefly luciferase was generously provided by Luiz Penalva at the Children Cancer Research Institute at The University of Texas Health Science Center at San Antonio. Athymic HsdHan:RNU-Foxn1 rnu nude rats were purchased from Harlan Laboratories. Animals were anesthetized using isoflurane continuous inhalation (3% in 100% oxygen) and placed into a Stereotaxic Instrument (Stoelting). The scalp was prepped aseptically, a 0.5 -1.5 cm longitudinal incision was made with an approximate scalpel, the skin was retracted laterally, and the bregma was identified. The injection site was localized by mapping the distance from the bregma using 1 mm forward and 4mm lateral. A hole was created in the skull at the site of injection with use of a small manual hand drill, and a 2.6-mm guide screw with a central 0.5-mm diameter hole was placed; 21 1 × 10 6 cells suspended in 5 mL of saline were injected at a depth of 4.5 mm through the guide screw using a 10 mL Hamilton syringe with a 27-gauge needle over 5 min. Tumor growth was observed using intraperitoneal injection of 250 mL of 57 mg/mL luciferin with in vivo imaging using an IVIS Lumina system and quantification by Living Image software (Caliper LRS).
Liposome Preparation
Liposomes of 100-nm diameter possessing both ammonium sulfate pH and glutathione (GSH) gradients were prepared and characterized using a modified protocol described previously. 15, 16 The liposomes were composed of distearoylphosphatidylcholine (DSPC; Avanti Polar Lipids) and cholesterol (Calbiochem) (molar ratio 55:45). Lipid mixture was dissolved with chloroform and then dried by rotary evaporation and overnight desiccation to form a lipid film. The dried lipid film was rehydrated with 300 mM sucrose in sterile water at 120 mM total lipid concentration and warmed to 558C, followed by an overnight lyophilization. The dried lipid-sucrose mixture was rehydrated with 200 mM GSH (Sigma) and 300 mM ammonium sulfate (Sigma; pH, 5.1) in sterile water at 60 mM total lipid concentration, then subjected to 5 freeze-thaw cycles, followed by sequential extrusion through polycarbonate filters with different pore sizes (2 mm, 1 mm, 400 nm, and 200 nm, 2 passes each; and 100 nm, 5 passes) at 558C (Lipex Extruder, Northern Lipids). After extrusion, liposomes were repeatedly ultracentrifuged at 41 000 rpm (Ti 50.2 rotor; Beckman) for 50 min and washed with 300 mM ammonium sulfate containing 75 mM sucrose (pH, 5.1) in sterile water twice to remove any unencapsulated GSH. Liposome pellets were resuspended in 300 mM ammonium sulfate (pH, 5.1) containing 300 mM sucrose in sterile water and stored at 48C until needed. After manufacture, the particle size of the liposomes was measured at 488-nm with a DynaPro Dynamic Light Scattering system (Wyatt Technology) and found to be 108.0 + 26.4 nm in diameter. Phospholipid content was measured using the Stewart assay. 22 Total
Phillips et al: Rhenium-liposomes for treatment of glioblastoma
lipid concentration of the liposomes was 60 mM. Liposomes were also assayed for endotoxin levels and bacterial growth. No growth of bacteria was detected during 14-day culture, and endotoxin levels were ,2.5 EU/mL.
Preparation of 99m
Tc-BMEDA and 99m Tc-Liposomes
The method to prepare 99m
Tc-BMEDA was the same as described by Wang et al, 16 with minor modification. In brief, 50 mg of sodium glucoheptonate (GH; Sigma) and 3.5 mL of BMEDA (ABX Biochemicals) were combined in the same vial, followed by the addition of 5.0 mL normal saline for injection (nitrogen gas-flushed in advance). After 20 min of magnetic stir mixing, 60 mL of freshly prepared stannous chloride (Sigma) solution (15 mg/mL) was added to the GH-BMEDA solution, followed by pH adjustment using 0.05 M sodium hydroxide to achieve a pH ranging from 7 through 8. At this time, 1.0 mL of the resulting solution was transferred to a glass vial containing 0.6 mL of 2.22 GBq (60 mCi) of Tc-BMEDA was then used immediately for liposome labeling.
For the labeling study, 2.0 mL of liposomes (60 mM total lipids) were eluted through a PD-10 column (GE Healthcare) with phosphate-buffered saline (PBS; pH, 7.4) to create an ammonium sulfate pH gradient by removing free ammonium sulfate from liposome exterior and create GSH-ammonium pH gradients. The product was added to the 
Re-Liposome Preparation
The preparation of 186 Re-liposomes followed the previously reported protocol with minor modification. 11, 15 In brief, 1.0 mL of saline solution (pH, 5.0) containing 1.34 mg BMEDA, 22.3 mg glucoheptonate, and 1.6 mg stannous chloride was placed in a new vial, flushed with nitrogen gas, and sealed. Re-BMEDA solution was cooled to room temperature and adjusted to a pH of 7.0.
Immediately before radiolabeling, 2.0 mL of liposomes (60 mM total lipid concentration) were eluted with PBS (pH, 7.4) through a PD-10 column to remove free ammonium sulfate and create GSH-ammonium pH gradients. Eluted liposomes were added to the Re-liposomes were separated from any free radionuclide by PD-10 column chromatography eluted with PBS (pH, 7.4). The mean labeling efficiency of 186 Re-liposomes for 3 separate cohort studies was 77.3% + 5.7%.
MRI
The animals underwent pretreatment MRI at 21 days after inoculation of the GBM cells. MRI was then repeated at 35, 50, and 71 days after treatment. MRIs were acquired in a small animal Bruker Biospec 7-Tesla MR scanner (Bruker) equipped with a 72 mm linear volume coil for transmit and a rat brain surface receive coil. The animals were sedated with 3% isoflurane in 100% oxygen and maintained at 1.5% during the procedure. A circulating water warming blanket regulated by a digi-sense controller was wrapped around the animal. The tail vein was catheterized with a small gauge needle, through which 0.25 mL/350 g of intravenous contrast material (gadodiamide, Omniscan; Nycomed-GE Healthcare) was injected. Postgadolinium T1-weighted images were acquired in the transverse plane with the following parameters: TE 4.058 ms; TR 300 ms; number of signals acquired, 6; section thickness, 0.43 mm; field of view, 2.56 cm × 2.56 cm; matrix, 128 × 128. Fifteen slices were acquired with an in-plane resolution of 200 m × 200 m. MRI studies were interpreted on Mango freeware (ric.uthscsa.edu/ mango). Each study was interpreted blindly by a neuroradiologist (J.E.G.) with more than 15 years of experience and a fourth year diagnostic radiology resident (D.V.). Tumor areas were calculated using the product of the maximum and perpendicular diameters, and care was taken to exclude the area of radiation-induced gliosis and edema that surrounded the enhancing lesion.
Pilot 99m
Tc-liposome Imaging Studies
To establish the correct volume of administration, 99m Tc-liposomes were intracranially administered in glioma tumors of rats placed in the stereotactic frame by CED in volumes of 50 and 100 mL at 2 mL/min and imaged by SPECT/CT (Figs 1 and 2) . Planar gamma camera, SPECT, and CT images were acquired using a dual head micro-SPECT/CT scanner (XSPECT; Gamma Medica). Anterior-posterior static images were acquired at 1 h, 2 h, 4 h, and 20 h (2, 2, 2, and 10 min acquisitions, respectively) using lowenergy high-resolution parallel hole collimators. The percentage of 99m Tc-activity retained in the tumor, and the surrounding tissues across time were calculated from region of interest (ROI) of static images using a standard 
Re-Liposomes and Nonradioactive Liposome Formulations
The U87 GBM-bearing nude rats were divided into control and treatment groups. On day 23 after implantation of the GBM tumor cells, rats were placed in a stereotactic frame, and a needle was placed in the same location and depth at which the tumor cells were implanted. The control animals were infused with nonradioactive liposomes of the same size, lipid formulation, and lipid dose used with the 186 Re-liposomes, and the treated rats were infused with 186 Re-liposomes of varying radioactivity doses from 25 mCi to 125 mCi. The volume of liposomes infused in both control and treatment rats was 25 mL liposomes at a rate of 2 mL/ min. The needle was left in place for 5 min and then gradually withdrawn. For the U251 GBM-bearing nude rats, animals were handled identically with the exception of treatment on day 14 because of the more rapid growth rate. Re-liposomes and at 4, 24, 48, and 96 h after infusion (5, 10, 15, 20, and 30 min acquisition times, respectively), the glioma rats were placed prone in a the scanner. Static images were acquired simultaneously with both a parallel hole collimator located on 1 camera head and 1 mm-pinhole collimator focused on the brain on the other camera head. Image analysis and radiation absorbed dose calculation were performed as in previous studies. 11, 15 The retention of 186 Re activity within the GBM tumor area and the distribution of activity were determined using ASIPro software (Siemens Medical Solutions). The percentage of injected activity in each ROI of each planar parallel hole image was calculated from the injected activity and the activity of the 186 Re-standard. After decay correction, the cumulative radioactivity in the ROI is represented by the area under the curve and can be used to calculate the average radiation absorbed dose in the tumor by the following equation, assuming a negligible contribution by the penetrative gamma energy: 23 
D(Gy) = 7.31(Gy †g/(mCi †h)) ×Ã(mCi †h)/m(g)
In the above equation, D is the radiation absorbed dose in Gy, Ã is the cumulative radioactivity as described above in mCi † h, and m is the weight of the tumor tissue in g as calculated from the pretreatment MRI.
Results
Liposome Volume and Retention
To allow for a reasonable time for an effect of treatment to intervene on tumor-related death and improve survival, treatment was planned for day 21 after inoculation. On the basis of our experience with the U87 intracranial xenografts, this time point correlated to an approximately 3-mm lesion occupying an approximate100 mL volume. We therefore felt that this volume empirically represented the appropriate treatment volume. To better characterize the retention of this volume of liposomes in our animal model and the ability to deliver an appropriate field of therapy, we performed intratumoral infusions of technetium-99m -labeled liposomes, followed by SPECT/CT imaging. In planar image quantitative analysis, 50%-65% of the injected activity was observed as a discrete focus at the site immediately after injection (Fig. 1) . The Tc-activity also observed in the cerebellum and brainstem (Fig. 1J) . Given potential toxicity, a lower volume of 50 mL was also evaluated and showed equivalent retention over time, while providing adequate coverage without extension into the posterior fossa (Fig. 1I) . A volume of 50 mL was therefore felt to represent the upper limit, and further experiments were performed at 25 mL volume to allow for variability in tumor size. These experiments were then repeated with 186 Re-liposomes in a volume of 25 mL, which showed excellent localization of 186 Re-activity and retention through 96 hours (Fig. 2) .
Maximum Tolerable Dose
Although others had previously demonstrated the safe administration of up to 12 Gy rhenium -labeled nanoparticles injected into the brain, 12 the higher limits of tolerability have not been well described. In addition, determination of the total safe dose administered can only be determined using highly specific activity labeling methods. We therefore sought to characterize the tolerability of higher doses generated using our highly efficient 186 Re-loading process. An initial pilot experiment was performed with doses administered from 220 to 560 Gy (n ¼ 6) to compare survival with controls (n ¼ 6). Of interest, although 2 animals at the lower doses died at 19 and 22 days after treatment, animals treated at the highest doses survived through sacrifice on day 37 after treatment without weight loss, neurological deficit, or other evidence of toxicity. Histologic analysis by a neuropathologist showed no evidence of residual tumor. We then progressively extended the dosing range in 2 successive cohorts with administration of 18-1845 Gy (12 rats in the treatment group and 8 controls), allowing animals to live 120 days after treatment before sacrifice. We consistently observed in these cohorts that the animals tolerated all doses without evidence of toxicity, and no maximum tolerable dose was reached. Only one animal died prematurely (1600 Gy), and this was associated with a diffuse rash and what was felt by the veterinary staff to represent a pre-existing infection.
Tumor Growth
Xenografts were followed by both noninvasive bioluminescence luciferase imaging and MRI to determine whether a dose-dependent effect could be observed. In fact, as demonstrated in Fig. 3A , a separation in bioluminescence between animals treated with ≤100 Gy and those treated with higher doses was seen within 7 days of treatment. This became statistically significant by 11 days after treatment (x 2 [1, N ¼ 19] ¼ 4.8, P ¼ .029), at which time 11 treated and all 8 control rats were alive. The separation in bioluminescence further continued thereafter. In addition, many of the rats had a loss of luciferase activity to background levels suggestive of a complete eradication of tumor (Fig. 3A) . Because some animals lost all luciferase activity and the response in others was more progressive at lower doses, the deviation increased. Repeat experiments performed in an identical fashion with the exception of all animals being treated at high dose (mean of 1700 Gy) in the more invasive U251 line, as demonstrated in Fig. 3B , showed statistically significant clear separation in bioluminescence at 6 days after treatment (
toward reduced tumor size at 13 days after treatment, as shown in Fig. 4 , but was not statistically significant because many of the control animals had already died and could not be included in the analysis. Example images of marked differences in sizes appreciated between the groups is illustrated in Fig. 5 .
Animal Survival
Control rats (n ¼ 14) uniformly had a median survival time of 49 days in each of the 3 experiments (95% confidence interval [CI], 44 -53 days) from intracranial injection until clinical signs of neurologic compromise (dull, listless, moribund) or death. In intent-to-treat analysis without regard to dose, animals treated with 186 Re-liposomes had a median survival of 126 days (95% CI, 78.4 -173 days), mainly resulting from sacrifice after meeting prescribed endpoints as needed for histologic analysis. Log-rank analysis between these 2 groups was highly significant (P ¼ .0013). When survival length by dose was analyzed, there was a recognizable separation beginning at a dose of 100 Gy. Survival analysis for animals treated with more than 100 Gy, compared with less or none (Fig. 6A) , with log-rank analysis had even greater significance (P , .0001). In a similar experiment with U251 xenografts treated with a mean dose of 1700 Gy, results were even more impressive, with a median survival would have surpassed 120 days because of lack of mortality (Fig. 6B) , and log-rank analysis of survival was highly significant (P ¼ .0057). Histology Brains were collected from sacrificed animals and subjected to standard histological staining and blinded review by a neuropathologist. Because some animals died spontaneously before developing obvious neurologic signs, not all brains could be collected in a timely fashion and were therefore not included in the analysis. Immunohistochemistry for GFAP, vimentin, synaptophysin, Ki-67, and CD68 was performed on samples at the discretion of the pathologist per standard clinical laboratory technique. Because U87 cells are poorly differentiated and negative for both GFAP and synaptophysin, this allowed differentiation of tumor cells from surrounding gliosis (Fig. 7) . Of those brains that could be analyzed, blinded analysis revealed that all treated animals (n ¼ 7) had no residual tumor (Table 1) . Some minimal areas of necrosis were identified in a few specimens, with a mild rim of surrounding gliosis and scattered CD68 + macrophages (Fig. 7 ). Macrophages were also noted at the invading edge of tumors. These findings first suggest that doses of radiation at 100 Gy or more can lead to tumor eradication in this model. Second, these results suggest that 186
Re-liposome convection-enhanced brachytherapy can selectively deliver higher doses of radiation to the tumor without the overt toxicity typically seen with external beam radiotherapy or X-ray brachytherapy used at similar doses. 24 Of the animals that were untreated and included (n ¼ 3), large areas of tumor were identified with abundant mitotic figures and Ki-67 staining of approximately 50%.
Discussion
Radiation therapy remains an essential component of treatment for most malignancies, including primary brain tumors. Theoretically, any tumor can be controlled if a sufficient dose of radiation is delivered to the tumor. The main limiting factor in delivering a tumoricidal dose is the toxicity to surrounding normal tissue. With standard techniques used today, even accounting for more conformal applications, doses are limited to less than 80 Gy. 25 Two main radiobiological differences can be noted between the approach used in this experimental model and conventional radiotherapy. First, because traditional X-ray radiation is absorbed by the body and shows an exponential decrease in the dose delivered with tissue depth, our model's placement of the radiation source into the tumor and retention at that site mediated by liposomes results in the bulk of radiation being absorbed by the tumoral tissue rather than by the surrounding normal brain tissue. Second, although 186 Re releases some gamma rays which allow for external imaging, the bulk of the emission is in the form of beta particles that have a short path length. In fact, nearly 99% of the dose is absorbed within the first 2 mm. This suggests that focal ablation could be achieved at the injection site with little risk to the surrounding brain. In fact, 186 Re-liposome convection-enhanced brachytherapy was achieved with markedly increased doses up to 1845 Gy without overt evidence of toxicity. This supports the conclusion that the 186 Re-liposome radioactivity was restricted primarily to tumor tissue. This is also significantly different from the toxicity previously reported with 188 Re, which has more than twice the path length, and showed toxicity at doses as low as 12 Gy. 12 The significant efficacy observed in this study, with irradication of tumors on histology despite the short path length of the 186 Re, raises an important potential difference between liposomal brachytherapy and more static forms of brachytherapy, such as the X-ray emitting palladium seeds and gliasite. Recent studies in which liposomal nanoparticles were intratumorally administered into glioma tumors have shown that 60% -80% of the nanoparticles became localized in the abundant microglia and macrophages, and these mobile phagocytic cells were shown to have significant potential to carry and move encapsulated drugs within brain tumors. 26 Intratumoral phagocytic cells, such as the macrophages that we observed along the invasive margin of tumors, could significantly improve the distribution of beta-particle emitting therapeutic radionuclides in the tumor and provide more specific therapy to infiltrative tumor cells in ways not possible with other fixed forms of brachytherapy. Thus, although the 186 Re has a short path length of only a few millimeters, it likely circulates in the tumor through microglia to provide more conformal coverage while limiting exposure of the normal adjacent tissue.
An additional attribute of this potential therapy, evident in noninvasive SPECT imaging, is the capacity for real-time image feedback and iterative modulation of nanoparticle brachytherapy with real-time dosimetry calculations of the delivered 186 Re-liposomes to provide the most accurate treatment and ensure complete tumor coverage. In addition, similarly to current I-131 therapy for thyroid cancer, retreatment would be possible because of the fact that very low doses are delivered to the surrounding normal brain tissue. Human studies of brachytherapy with highly specific activity rhenium nanoparticles, such as those used in this experiment, are needed to better characterize their safety, efficacy, and application.
